Six of the products, THCA, CBDA, tetrahydroisocannabinolic acid, cannabicyclolic acid, 27 cannabichromenic acid, and cannabicitranic acid are structural isomers (C22H30O4); only 28 cannabielsoic acid B (CBSA) is unique due to an additional oxygen atom (C22H30O5) (Extended 29 Data Figure 1) . 30
31
The biosynthesis of cannabinoids from CBGA is catalyzed by cannabinoid synthases. The 32 enzymes are characterized as flavin adenine dinucleotide (FAD) -dependent berberine bridge 33 enzymes that catalyze the oxidative cyclization of the monoterpene moiety in CBGA. The 34 structure of THCA synthase (Uniprot ID Q8GTB6, PDB ID 3VTE) was elucidated by Kuroki 35 and his associates in 2012 2 . Cannabidiolic acid synthase was functionally expressed in yeast by 36
Stehle and his associates in 2017 3 . The known cannabinoid synthases share approximately 80% 37 sequence identity. 38 39 THCA synthase is an enzyme of the berberine-bridge enzyme family (IPR012951). The family 40 contains about 21,000 sequences, of which 37 are experimentally annotated and reviewed. Using 41 the EFI-EST tool 4 to generate a sequence-similarity network (SSN) of this family, it is possible 42 to segregate the proteins into iso-functional clusters. This will place uncharacterized enzymes in 43 sequence-function context with proteins that have been previously characterized from reliable 44 experiments 5,6 . Using this information, it is possible to find potential enzymes from other 45 organisms that will catalyze the oxidative cyclization of the monoterpene moiety in CBGA. In 46 this study, 72 homologues were chosen from the generated SSN that may potentially accept 47 CBGA as a substrate and catalyze a FAD-dependent oxidative cyclization reaction ( Figure 1 The SSN generated approximately 4,500 nodes with 300,000 edges ( Figure 2 ). A small number 53 of homologues (72 homologues) were chosen based on either its similarity to THCA synthase or 54 its difference. The goal is to create a small yet chemically diverse library to discover novel 55 enzyme activity. The hypothesis of the study follows that enzymes similar to THCA synthase 56 cannabigerolic acid (CBGA) berberine-bridge enzyme (BBE) family cannabinoids may catalyze the production of cannabinoids similar to THCA; enzymes "different" from THCA 57 synthase may catalyze the production of novel cannabinoids. 58
59
This report provides new enzymes that can advance the molecular production of cannabinoid 60 molecules that exist in Nature, but wherein there are no known molecular tools or enzymes to 61 biosynthesize them. Conceptually, the work also advances the approach to biosynthesize natural 62 products that otherwise are refractory to bioproduction due to the lack of suitably identified 63 enzymes in the biosynthetic pathways. 64 65 Annotated enzymes from Cannabis sativa did not produce detectable amounts of a cannabinoid: 66 it is possible that the signal peptide impeded the heterologous expression in S. cerevisiae 3 . The 67 majority of the homologues chosen (92% of sequences) did not produce any detectable amounts 68 of a cannabinoid, which may indicate that the active sites of BBEs are not as promiscuous as 69 other enzyme superfamilies. Since the organisms chosen for this study are all eukaryotes, it is 70 also possible that the annotated sequences contain introns, which may render the synthesized 71 genes inactive. Surprisingly, six orthologues were discovered to utilize CBGA to catalyze the 72 production of CBSA. A close inspection of the SSN (Figure 2 ) indicates that the orthologues are 73 not related to each other (no edge connects them), nor related to THCA synthase. 74
Serendipitously, they are all part of the biggest BBE cluster. The enzymes D7MMG9, M4DIE5, A0A1J6KPK0, and M5X864 are uncharacterized proteins. 85
The sequences are annotated as BBE-like enzymes based on sequence homology. O64745 from 86
Arabidopsis thaliana was detected at the transcript level and is proposed to catalyze BBE activity 87 in monolignol metabolism 8 . P93479 from Papaver somniferum (opium poppy) was also detected 88 at the transcript level and is proposed to be involved in formation of (S)-scoulerine via the 89 oxidative cyclization of the N-methyl moiety of (S)-reticuline. 90
91
The orthologues share about 35% sequence identity to THCA synthase (Extended Data Figure  92 2). The orthologues were submitted to the Protein Homology/analogY Recognition Engine V 2.0 93 (Phyre2) to generate homology models 9 . The final model for each orthologue was used as the 94 template to compare against THCA synthase. The two structures were aligned using the 95 MatchMaker function in UCSF Chimera 10 to identify analogous positions in the orthologues that 96 are critical for cannabinoid synthase activity (Extended Data Figure 3 ). On average the root-97 mean-square deviation (RMSD) score of the different alignments is less than 1 Å. 98 99 Five residues in THCA synthase are critical for its activity 2 -two catalytic residues, His-114 100 and Cys-176, which are covalently bonded to FAD, and His-292, Tyr-417, and Tyr-484. Table 2  101 shows critical residues in THCA synthase and the analogous residues in the orthologues 102 (Extended Data Figure 4 ). Four of the orthologues -A0A1J6KP0, M5X864, O64745, and 103 P93479, contain both catalytic residues and also the corresponding Tyr-484 residue, whilst His-104 292 and Tyr-417 were not conserved. Amongst these four orthologues, M5X864 retained amino 105 acid chemical functionality, vis-a-vis His-292 altered to Gln-241 and Tyr-417 changed to Thr-106 378. The other three orthologues did not retain amino acid chemical functionality: His-292 was 107 altered to a hydrophobic residue (Val-291 or Leu-286) or an acidic residue (Glu-294) and Tyr-108 417 was changed to an Asn residue (Asn-408, Asn-414 and Asn-394, respectively). Surprisingly, 109 D7MMG9 and M4DIE5 lacked either one or both catalytic residues. The other critical residues 110 were also not conserved. Nevertheless, these two orthologues have detectable cannabinoid 111 synthase active to catalyze the production of cannabielsoic acid (CBSA). 112 113 H114  H73  -H112  H54  H116  H108  C176  --C176  C116  C178  C170  H292  T232  L98  V291  Q241  E294  L286  Y417  T345  N211  N408  T378  N414  N394  Y484  F417  Y278  Y477  Y445  Y483  H463  117 The six enzymes discovered in this study are the first report of heterologous expression of BBEs 118 that did not originate from the Cannabis plant that catalyze the production of cannabinoids using 119 CBGA as substrate. It is recognized that the study only explored a very limited portion of this 120 enzyme family (72 out of 21,000; 0.34%); the corollary expectation follows that other enzymes 121 within this family will accept either CBGA or/as well as the shorter analogs (with n-butyl, n-122 propyl, ethyl and methyl side chains) as substrates. This study delineates a new avenue for the 123 discovery and the biosynthesis of natural and unnatural cannabinoids. 124
125
The structure of cannabielsoic acid is shown in Figure 3 CBSA is different from the rest of the products due to an additional oxygen atom. It was 147 previously reported to be an oxidative product from CBDA 11 . Analogous to previously 148 determined oxidative cyclization mechanisms of CBGA, we propose that it begins with the 149 formation of the carbocation in the monoterpene moiety and the corresponding reduction of FAD 150 to FADH2. The secondary carbocation formed rearranges to a more stable tertiary carbocation. Figure 6 ). 158
We have discovered that enzymes from the berberine-bridge enzyme family (IPR012951) can 159 catalyze the oxidative cyclization of the monoterpene moiety in CBGA to form CBSA. This is 160 the first report of enzymes that did not originate from the Cannabis plant that catalyze the 161 production of cannabinoids. This study demonstrated the attractive potential of curating sequence 162 space, using tools such as SSNs, to discover uncharacterized enzymes and curate them based on 163 sequence and structure. Further exploration may include expanding the screen towards the rest of 164 the ~21,000 sequences in the BBE family, as well as using the lesser known analogs of CBGA as 165 substrates. We have also identified non-Cannabis enzymes within the BBE family sequences that 166 are able to catalyze the oxidative cyclization of CBGA to form the structural isomers (C22H30O4) 167 of THCA and CBDA; efforts are ongoing to characterize these THCA synthase and CBDA 168 synthase orthologues. We believe that this discovery will aid in the production of cannabinoids 169 in a stable and sustainable manner. Current work is focused on the characterization of these 170 newly discovered cannabinoid synthase orthologues. The sequence of THCA synthase was used as a query to determine the superfamily the enzyme 231 belongs to (http://www.ebi.ac.uk/interpro/) 13 . Thereafter, the EFI-EST tool 232 (https://efi.igb.illinois.edu/efi-est/) was used to generate the SSN. A small number of 233 homologues (72 homologues) were chosen to test if CBGA can be used as a substrate for these 234 enzymes to catalyze the biosynthesis of a cannabinoid. The homologues were chosen using the 235 following criteria: 1) Homologues found in Cannabis sativa and its related organisms such as 236 We thank Dr. Wei Zhe Teo for his assistance in using the Agilent RapidFire 365 High-Throughput 279 mass spectrometry system coupled with the Agilent 6495 LC-TQ. We thank Ms. Yanhui Han for 280 the NMR analytical service at the Department of Chemistry, National University of Singapore. 281
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